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L-shell ionisation and subsequent Coulomb explosion of fully deuterated methyl iodide, CD3I,
irradiated with hard x-rays has been examined by a time-of-flight multi-ion coincidence technique.
The core vacancies relax efficiently by Auger cascades, leading to charge states up to 16+. The
dynamics of the Coulomb explosion process are investigated by calculating the ions’ flight times
numerically based on a geometric model of the experimental apparatus, for comparison with the
experimental data. A parametric model of the explosion, previously introduced for multi-photon
induced Coulomb explosion, is applied in numerical simulations, giving good agreement with the
experimental results for medium charge states. Deviations for higher charges suggest the need to
include nuclear motion in a putatively more complete model. Detection efficiency corrections from
the simulations are used to determine the true distributions of molecular charge state produced by
initial L1, L2 and L3 ionisation.
Molecules exposed to sufficiently energetic photons
may be totally destroyed in a process where all bonds
are broken and all or most of the atoms become posi-
tively charged and repel each other by the Coulomb force.
This rapid repulsion and subsequent fragmentation of a
molecule was termed Coulomb explosion in 1966 by T.A.
Carlson and R.M. White [1]. Since then, Coulomb ex-
plosions have been studied in many different ways, for
instance, by photoion-photoion coincidence spectroscopy
in the vacuum ultraviolet (VUV) and soft X-ray region
[2–4], by coincidence imaging [5], by time-resolved pump-
probe techniques involving ultraviolet (UV) [6], and by
X-ray free electron laser (XFEL) ionisation utilising few-
photon absorption processes [7–12]. The dynamics of
the charge rearrangement essential for the Coulomb ex-
plosion have previously been studied using time-resolved
pump-probe techniques on molecular iodine [13, 14] and
in methyl iodide [15, 16] where the results match well
with a classical over-the-barrier model.
In this work we have used a multi-ion coincidence tech-
nique in combination with hard X-rays to investigate sin-
gle photon-induced Coulomb explosion of fully deuter-
ated methyl iodide, CD3I, upon creation of a core va-
cancy in the n = 2 shell of iodine, building on the original
work of Carlson and White [1], where Coulomb explo-
sion was first explored experimentally by a coincidence
method. For the data interpretation, we explore a two-
parameter model recently introduced by Motomura et al.
[9] , who studied Coulomb explosion of CH3I from ionisa-
tion induced by the absorption of several X-ray photons
within a pulse duration of ∼ 10 fs.
In the present experiment, photoionisation occurs pri-
marily in selected L-shells of iodine induced by a single
photon followed by subsequent Auger cascades, leading
to high charge states of CD3I. We measure the time of
flight of the ions created in a multi-ion coincidence appa-
ratus, shown schematically in figure 1, which is described
in more detail in the section on experimental methods.
After leaving the source volume, a sideways-flying ion
of sufficiently high energy will hit the extractor plate
rather than pass through its aperture, so the number of
ions being detected decreases with increasing kinetic en-
ergy. This means that for higher molecular charge states,
whose fragment ions gain more kinetic energy, a larger
proportion of ions are lost. To quantify the results from
our spectrometer in the presence of these effects a nu-
merical investigation was performed. In particular, nu-
merical calculations are used to determine the collection
efficiency for each fragmentation channel D+ + Cn+ +
Im+. The collection efficiencies are subsequently used to
correct the coincidence intensities so that the total num-
ber of created events can be determined. Low-order (two-
fold and threefold) coincidences are used in most of the
analysis to take advantage of their relatively favourable
statistics. More details on the implementation of our
numerical investigation can be found in the section on
numerical methods.
To simulate our experimental data numerically,
molecules are placed within the source volume with a ran-
dom orientation and are then dissociated and ionised. To
determine the mutually dependent angles and kinetic en-
ergies with which the ions leave the source, the equation
of motions are integrated under mutual Coulomb repul-
sion. Initially, the atoms start in the normal equilibrium
configuration of the molecule, with exact C3v symmetry,
making all deuterium atoms equivalent. Time depen-
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FIG. 1: Schematic diagram of
the multi-ion coincidence
spectrometer used. The
electrodes around the source
region are generating an electric
field that accelerates the ions
through the aperture of the
extractor plate. The ions travel
through the drift tube and hit a
MCP detector where the
time-of-flight is registered.
dence of the ionic charges can, in principle, be calculated
by solving a large set of rate equations involving all Auger
transition probabilities [17] where a Monte Carlo type
approach is imperative [18]. However, a comparatively
simple model introduced recently by Motomura et al. [9]
is computationally more attractive, because it condenses
the large set of parameters to two generalised parame-
ters that describe the charge build up and the charge
reconfiguration processes simultaneously. The charge is
assumed to be sequentially built up, here predominantly
by Auger cascade, at the site of the iodine atom, because
of its dominant cross section for photon absorption. In
this model, the total charge Qtot is supposed to build up
according to
Qtot(t) = (m+ n+ 3)
(
1− e−t/τ
)
, (1)
where τ is a parameter for the charge build up time,
and m and n are the final charges for iodine and carbon,
respectively. When a high charge is created on the iodine
atom the molecule becomes unstable due to the charge
imbalance and electrons from the deuterium atoms and
the carbon atom are transferred to the iodine. The rate
of transfer is described by
d
dt
QCD3(t) = R ·QI(t) , (2)
where R is a rate constant for the charge transfer. QI and
QCD3 are the charges at the iodine site and the methyl
group, respectively, and they obey
Qtot(t) = QI(t) +QCD3(t) . (3)
The ions are allowed to have fractional charges during the
charge build up, which is assumed by considering effects
such as delocalisation and screening, but are all required
to have integer final charges. Charges of at least 4+
on the methyl group are apportioned as three units to
the three equivalent deuterium atoms and the residue to
the carbon atom. For comparison with the charge build
up model, we also calculate the result of instantaneous
creation of the final charges on the atoms in their original
positions.
Using the model described above in comparison with
our experimental results, starting from the parameters in
[9], we find the best overall agreement with τ = 7 fs and
R = 0.37 fs−1. However, varying R has only to a mi-
nor effect on the kinetic energy release and therefore the
simulated flight times. The parameters are determined
by comparing the experimental and numerical time-of-
flight distributions from triple coincidence detections
from different fragmentation channels D++Cn++Im+.
The lighter ionic species are the most sensitive to change
in the model parameters; in particular the deuterium ion
is the most suitable for comparison between the model’s
predictions and the experimental data. To ensure that a
specific decay channel is involved in each comparison it
is required that iodine and carbon ions are detected in
addition to one deuterium ion. Triple coincidences are
used as the numbers of fourfold and fivefold coincidences
are very low. The simulations suggest that only a very
small set of initial molecular orientations lead to trajec-
tories allowing detection of more than one D+ ion. Fig. 2
shows a comparison between the experiment and the sim-
ulations in form of triple detections showing the ion pair
contours of deuterium-carbon ions of charges 1+ and n+,
respectively, together with different iodine species. The
figure contains experimental data in red contour lines,
blue contours show the numerical data utilising Moto-
mura’s model [9] with the previously mentioned param-
eters, and the green contour lines show numerical data
using the instantaneous model. The ion pairs form two
islets, which is a consequence of the high momenta gained
which result in sideways flying ions missing the detector.
As evidenced by the figure, the charge build up model
for these intermediate decay channels, n ∈ [1, 3] and m
∈ [3, 6], matches well with the experiment whereas the
instantaneous model overestimates the kinetic release en-
ergies, especially for the deuterium fragment. For a com-
prehensive reflection of all the resolvable decay channels,
an islet separation plot is shown in Fig. 3, showing the
separation of the deuterium 1+ ion correlated with car-
bon and iodine ions with positive charges of 1-4 and 1-9,
respectively. The islet separation is selected as the time
at half the full peak height on the outside of each peak
(forward and backward), and the figure shows the exper-
3FIG. 2: Contours of deuterium-carbon ion pairs of charges 1+ and n+, respectively, correlated with different charges
m+ of iodine. The vertical axis shows the carbon separation and the horizontal axis shows the deuterium
separation. Dashed lines represent the flight times for zero kinetic energy ions. The red contours are the
experimental data, the blue are the numerical data based on the charge build up model with charge transfer and the
green are the numerical data for an instantaneous model. The contour lines are for 6% of maximum intensity.
FIG. 3: Comparison of the islet peak separation of the
deuterium ion involved in triple coincidence events with
Cn++Im+. Markers: experimental data; dashed lines:
instantaneous model; solid lines: charge build-up model.
imental data in symbols, the data based on the numerical
charge build up model in solid lines and the data based
on the instantaneous model in dashed lines. The figure
shows that the model recreates Coulomb explosion for
the intermediate decay channels in good agreement with
the experiment, whereas decay channels involving a high
carbon or iodine charge deviate and the fragments gain
less momenta from Coulomb explosion. The deviations
in low iodine charges for carbon 4+ may be explained by
the lack of charge imbalance in favour of the iodine ion,
as assumed by the charge build up model, when in fact
the carbon ion has a higher charge during the majority
of the charge build up.
In order to determine the true charge distributions pro-
duced by each specific initial hole creation, we use the rel-
ative intensities of threefold coincidences for each chan-
nel. Although only one D+ ion is usually detected all
three are assumed to become charged in the explosions
and this assumption underlies all the derived distribu-
tions. Several corrections must be applied to the raw
intensities to account for differences in ion and electron
detection probabilities.
Because of the geometry of the apparatus shown in
Fig. 1, fragmentation releasing higher initial kinetic en-
ergy implies a greater loss of sideways flying ions. The
collection efficiency is non-linear as a function of kinetic
energy and is different for each ionic species and con-
sequently the fragmentation channels are affected dif-
ferently. In order to determine the true distribution of
molecular charge states this non-linear dependence in the
apparatus is determined numerically through simulation.
Another factor is the risk of not detecting any electrons
to initialise a flight time measurement. The probability
of detecting a single electron is fi ≈ 50% and thus the
probability of not detecting any electrons for n ejected
electrons is (1 − fi)n. In the present case, the lowest
resolvable molecular charge state involves 5 emitted elec-
trons, yielding a probability of not detecting any start
4electron of ∼ 3%.
Experimental charge distributions are extracted at four
different photon energies near the L-subshell thresholds
in iodine such that each set of data contains a different
blend of ionisation events from the different subshells.
A subtraction method is implemented to determine the
distributions of charge states from the individual L1, L2
and L3 ionisations, on the basis of the theoretical pre-
diction that the total photoelectric cross-section [19] for
each ionisation declines as a function of photon energy,
E, in line with a fitted polynomial, with E−7/2 as the
dominating term [20]. The four data sets are denoted as
D1 − D4, where D1 corresponds a to photon energy of
5290 eV which is above L1, L2 and L3 thresholds, D2 to
4950 eV which is above the L2 and L3 thresholds, D3 to
4660 eV which is only above the L3 threshold, and D4
at 4300 eV which is below all the L threshold and shows
ionisation only from shells at lower binding energies.
Using the theoretical relative partial cross-sections de-
rived as above, we obtain a set of equations allowing
extraction of the charge distributions produced by each
pure subshell ionisation:
L3 = D3− 0.3251 ·D4 (4)
L2 = D2− 0.7518 ·D3 + 0.0125 ·D4 (5)
L1 = D1− 0.8076 ·D2− 0.0704 ·D3 + 0.0121 ·D4 .
(6)
where the data set D4 has considerably poorer statis-
tics than the other three. However, the uncertainty of
D4 is a major factor only in the extraction of the pure
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FIG. 4: Relative charge state abundances estimated
from the experimental data, and corrected for the
simulated collection efficiency. The bars reflect the
abundance of the charge states present in initial
ionisation from the iodine 2s, 2p1/2 and 2p3/2 shells,
represented in black, white and grey, respectively.
L3 distribution. The distribution for pure L1 has a rel-
atively large uncertainty as the subtracted terms consti-
tute a large fraction of the D1 data set. The distributions
of total molecular charge produced by ionisation from
the individual shells are shown in Fig. 4, which shows
that the most probable charge number for L1 ionisation
is roughly two units higher than those from L2 and L3
ionisation. This can be related to a fast Coster-Kronig
transition where the L1 hole is filled by an L3 electron,
providing enough energy to eject an electron from the
M shell after which the relaxation proceeds similarly to
the case where the initial hole is created in L3, with an
additional M hole. A similar transition for an initial L2
hole is expected to be much less probable as the energy
available from an L3 to L2 transition is only sufficient
to eject an N electron and the increased radial distance
limits the transition rate.
The present study shows that the charge creation
model introduced by Motomura et al. [9] using only a
few empirical parameters gives a satisfactory description
of single photon induced Coulomb explosion for the decay
channels involving low and intermediate charges. But the
discrepancy for decay channels involving higher charge
states of carbon and iodine indicates that a better model
may need to incorporate specific effects of nuclear motion
on charge development and/or charge transfer when ioni-
sation is by deep hole creation followed by Auger cascade.
A fuller analysis may also need to allow for the possible
involvement of neutral fragments in the Coulomb explo-
sion.
A related effect ignored in the present model is the
possible role played by molecular vibrational modes.
The energetic contribution of vibrational modes is most
likely negligible, but some degenerate modes deform the
molecule in such a way that the most probable struc-
ture at any single instant is different from the time-
averaged (C3v) structure. Such a deformation may affect
the Coulomb explosion of CD3I by making the deuterium
atoms inequivalent at the instant of ionisation. The nor-
mal mode expected to be dominant in the zero-point mo-
tion of such a study is the ν6(e) mode. The present ex-
periments were unfortunately not sensitive enough to in-
vestigate such effects, but they should be detectable in
future experiments with fully operational ion detection
position sensitivity.
In conclusion, we have investigated single photon in-
duced Coulomb explosion of fully deuterated methyl io-
dide, CD3I, using X-ray pulses in the 4660-5290 eV pho-
ton energy region. Our experimental ion time-of-flight
data were compared to the results of a numerical model
which took into account the dimensions of our appara-
tus and the electrical fields applied. The few-parameter
model used here has previously been shown to work well
in a Coulomb explosion study of CH3I induced by multi-
photon ionisation involving an XFEL. The present study
shows that this model is also applicable to the single pho-
5ton case for intermediate charge state decay channels, as
evidenced by the good agreement between our experi-
mental and numerical results. Decay channels involv-
ing high carbon or iodine charge show a systematically
lower kinetic energy release than predicted by the model,
which we attribute to a stronger effect of competitive
nuclear motion. If our interpretation is correct, for the
light hydrogen isotopologue, CH3I, stronger deviations
in kinetic energy release from the model predictions may
be expected. The success of the simple model is per-
haps somewhat surprising in view of the very different
charge generation pathways in deep hole creation and
Auger cascade as opposed to x-ray multi-photon ionisa-
tion. The model may serve as a useful tool for description
of Coulomb explosions more generally, and as a start-
ing point for more sophisticated modeling. Experimental
abundances together with detection efficiencies derived
from numerical modeling of the apparatus were used to
determine the true relative abundances of initial charge
states. The charge states from L2 and L3 ionisation have
similar distributions, whereas L1 ionisation gives a distri-
bution displaced roughly two units higher in charge. This
difference is explained by a rapid Coster-Kronig transi-
tion turning an L1 electron hole into an L2 or L3 electron
hole with an additional electron hole in a higher shell.
EXPERIMENTAL METHOD
The experiments were carried out using synchrotron
radiation provided by the LUCIA beam line of the stor-
age ring SOLEIL in Paris. The ring was operated in
single bunch mode at a frequency of 0.83 MHz. The syn-
chrotron radiation pulses interacted in a crossed-beam
configuration with an effusive jet of the target gas from
a hollow needle located in the source region of the appa-
ratus shown in Fig. 1. The electrodes provide an electric
field that accelerates the negative electrons to a nearby
detector, serving as a start for the ion coincidence mea-
surements, while the positive ions fly in opposite direc-
tion to a more distant, position sensitive microchannel
plate detector [21]. The position information on the data
hits has not been used in the analysis because of a strong
lensing effect which essentially guided almost all ions to
a small area in the centre. Some angular effects are pre-
served, but they are too small to be interpreted reliably.
Since the ionic fragments created by the Coulomb ex-
plosion may gain a fairly high kinetic energy release, not
all of the ions reach the detector. In practice, only about
21% of the deuterium atoms, 50% of the carbon atoms
and 78% of the iodine atoms reach the detector. This
is due to the geometrical configuration of the apparatus
where sideways flying ions of sufficient energy will hit the
inside of the extractor plate rather than passing through
the aperture. The loss of sideways flying ions create a
hollowness in the overall time-of-flight peak shapes, yield-
ing a forward- and a backward component separated by
2
√
2mU0
qE .
Ions that do reach the detector may still not be reg-
istered because of the non-unit efficiency of the detector
which is predominantly determined by the open area ra-
tio of the channel plate detector.
NUMERICAL METHODS
In the model of the Coulomb explosion process used,
the molecule is assumed to start at its nominal equilib-
rium geometry with exact C3v symmetry, representing all
deuterium atoms equivalently. A time dependent charge
is given to the atoms as they are allowed to evolve, nu-
merically calculated using ode45 in Matlab, under their
mutual Coulomb repulsion until they have moved suffi-
ciently far apart that their energies and relative angles
are fixed. At this point the energies and angles are trans-
formed into LAB coordinates with a random orientation
and the further motion of the ions is determined by the
applied electric fields.
A geometric model of the apparatus was constructed
in SIMION [22], to mimic the experimental conditions
as realistically as possible. The initial positions, kinetic
energies and angles of all ions from each explosion deter-
mined by the simulation are fed into this model of the
apparatus, where they travel towards the detector under
the influence of the applied electric fields. This allows the
fragments of a molecule to be modelled as coincidence
events, incorporating the loss of sideways-flying ions to
allow comparison with the actual experiment. The mod-
elling takes into account the limited efficiency of the de-
tector by random deletion of half the ions that arrive at
the detector surface. Once the simulated data resemble
the experimental data set sufficiently closely the initial
charge state abundances can be extracted.
AUTHOR INFORMATION
Author contribution
J.H.D.E., M.N.P., M.S. and R.F. devised the re-
search, R.J.S., O.T., R.S., J.A., A.H.R., D.K., and
R.F. participated in the conduction of the experimen-
tal research, M.W. constructed the numerical model,
M.W. and J.H.D.E. performed the data analysis, M.W.,
J.H.D.E. and R.F. wrote the paper and all authors dis-
cussed the results and commented on the manuscript at
several instances.
Notes
The authors declare no competing interests.
6DATA AVAILABILITY
The datasets generated during and/or analysed during
the current study are available from the corresponding
author on reasonable request.
ACKNOWLEDGEMENT
This work has been financially supported by the
Swedish Research Council (VR) and the Knut and Al-
ice Wallenberg Foundation, Sweden. We thank SOLEIL
for the allocation of synchrotron radiation beam time and
we want to warmly acknowledge the staff and colleagues
of this facility for their technical assistance and adminis-
trative support.
∗ raimund.feifel@physics.gu.se
[1] Carlson, T. A.; White, R. M. Measurement of the Rela-
tive Abundances and Recoil-Energy Spectra of Fragment
Ions Produced as the Initial Consequences of X-Ray In-
teraction with CH3I, HI, and DI. J. Chem. Phys. 1966,
44, 4510-4510
[2] Eland, J. H. D. Dynamics of three-body reactions in
ICN2+ and related molecules. Chem. Phys. Lett. 1993,
203, 353-362
[3] Eland, J. H. D.; Singh, R.; Pickering, J. D.; Slater,
C. S.; Hult Roos, A.; Andersson, J.; Zagorodskikh, S.;
Squibb, R. J.; Brouard, M.; Feifel, R. Dissociation of
multiply charged ICN by Coulomb explosion. J. Chem.
Phys 2016, 145, 074303
[4] Ueda, K.; Eland, J. H. D. Molecular photodissociation
studied by VUV and soft x-ray radiation. J. Phys. B:
at., Mol. Opt. Phys. 2005, 38, S839-S859
[5] Luzon, I.; Livshits, E.; Gope, K.; Baer, R.; Strasser, D.
Making Sense of Coulomb Explosion Imaging. J. Phys.
Chem. Lett. 2016, 6, 1361-1367
[6] Amini, K.; Savelyev, E.; Braue, F.; Berrah, N.; Bomme,
C.; Brouard, M.; Burt, M.; Christensen, L.; Dsterer, S.;
Erk, B.; et al. Photodissociation of aligned CH3I and
C6H3F2I molecules probed with time-resolved Coulomb
explosion imaging by site-selective extreme ultraviolet
ionization. Structural Dynamics 2018, 5, 014301
[7] Rudenko, A.; Inhester, L.; Hanasaki, K.; Li, X.; Ro-
batjazi, S. J.; Erk, B.; Boll, R.; Toyota, K.; Hao, Y.;
Vendrell, O.; et al. Femtosecond response of polyatomic
molecules to ultra-intense hard X-rays. Nature 2017,
546, 129 EP -
[8] Takanashi, T.; Nakamura, K.; Kukk, E.; Motomura, K.;
Fukuzawa, H.; Nagaya, K.; Wada, S.-I.; Kumagai, Y.;
Iablonskyi, D.; Ito, Y;. Sakakibara, U.; et al. Ultrafast
Coulomb explosion of a diiodomethane molecule induced
by an X-ray free-electron laser pulse. Phys. Chem. Chem.
Phys. 2017, 19, 19707-19721
[9] Motomura, K.; Kukk, E.; Fukuzawa, H.; Wada, S.-I.;
Nagaya, K.; Ohmura, S.; Mondal, S.; Tachibana, T.;
Ito, Y.; Koga, R.; et al. Charge and Nuclear Dynam-
ics Induced by Deep Inner-Shell Multiphoton Ionization
of CH3I Molecules by Intense X-ray Free-Electron Laser
Pulses. J. Phys. Chem. Lett. 2015, 6, 2944-2949
[10] Nagaya, K.; Motomura, K.; Kukk, E.; Takahashi, Y.; Ya-
mazaki, K.; Ohmura, S.; Fukuzawa, H.; Wada, S.; Mon-
dal, S.; Tachibana, T.; et al. Femtosecond charge and
molecular dynamics of I-containing organic molecules in-
duced by intense X-ray free-electron laser pulses. Faraday
Discuss 2016, 194, 537-562
[11] Nagaya, K.; Motomura, K.; Kukk, E.; Fukuzawa, H.;
Wada, S.; Tachibana, T.; Ito, Y.; Mondal, S.; Sakai,
T.; Matsunami, K.; et al. Ultrafast Dynamics of a Nu-
cleobase Analogue Illuminated by a Short Intense X-ray
Free Electron Laser Pulse. Phys. Rev. X 2016, 6, 021035
[12] Erk, B.; Rolles, D.; Foucar, L.; Rudek, B.; Epp, S. W.;
Cryle, M.; Bostedt, C.; Schorb, S.; Bozek, J.; Rouzee,
A.; et al. Ultrafast Charge Rearrangement and Nuclear
Dynamics upon Inner-Shell Multiple Ionization of Small
Polyatomic Molecules. Phys. Rev. Lett. 2013, 110, 5
[13] Schnorr, K.; Senftleben, A.; Kurka, M.; Rudenko, A.;
Schmid, G.; Pfeifer, T.; Meyer, K.; Kübel, M.; Kling, M.
F.; Jiang, Y. H.; et al. Electron Rearrangement Dynam-
ics in Dissociating In+2 Molecules Accessed by Extreme
Ultraviolet Pump-Probe Experiments. Phys. Rev. Lett.
2014, 113, 7
[14] Schnorr, K.; Senftleben, A.; Schmid, G.; Rudenko, A.;
Kurka, M.; Meyer, K.; Foucar, L.; Kübel, M.; Kling, M.
F.; Jiang, Y. H.; et al. Multiple ionization and fragmen-
tation dynamics of molecular iodine studied in IR–XUV
pump–probe experiments. Faraday Discuss 2014, 171,
41-56
[15] Erk, B.; Boll, R.; Trippel, S.; Anielski, D.; Foucar, L.;
Rudek, B.; Epp, Sascha W.; Coffee, R.; Carron, S.;
Schorb, S.; el al. Imaging charge transfer in iodomethane
upon x-ray photoabsorption. Science 2014, 345, 288-291
[16] Boll, R.; Erk, B.; Coffee, R.; Trippel, S.; Kierspel,
T.; Bomme, C.; Bozek, J. D.; Burkett, M.; Carron,
S.; Ferguson, K. R.; et al. Charge transfer in dissoci-
ating iodomethane and fluoromethane molecules ionized
by intense femtosecond X-ray pulses. Structural Dynam-
ics 2016, 3, 043207
[17] Inhester, L.; Hanasaki, K.; Hao, Y.; Son, S-.K.; Santra,
R. X-ray multiphoton ionization dynamics of a water
molecule irradiated by an x-ray free-electron laser pulse.
Phys. Rev. A 2016, 94, 023422
[18] Fukuzawa, H.; Son, S.-K.; Motomura, K.; Mondal, S.;
Nagaya, K.; Wada, S.; Liu, X.-J.; Feifel, R.; Tachibana,
T.; et al. Deep Inner-Shell Multiphoton Ionization by In-
tense X-Ray Free-Electron Laser Pulses. Phys. Rev. Lett.
2013, 110, 173005
[19] https://www.nist.gov/pml/xcom-photon-cross-sections-
database
[20] Berkowitz, J. Photoabsorption, Photoionization, and
Photoelectron Spectroscopy. Academic Press 1979
[21] http://www.roentdek.de/info/Delay_Line/
[22] SIMION: The field and particle trajectory simulator.
http://simion.com
